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Abstract 

In  this  work,  we  consider  the  light-shift  coefficients  observed 
in  rubidium  (Rb)  atomic  frequency  standards,  and  how  the  units 
of  measurement  reported  for  light-shift  coefficients  trace  back  to 
the  underlying  physical  parameters  of  the  light-shift.  We  then 
measure  the  light-shift  coefficient  in  an  integrated  filter-cell, 
commercial  Rb  clock,  which  is  similar  to  the  Rb  clock  design 
currently  flying  on  Galileo  and  BeiDou  satellites.  We  measure  the 
light-shift  coefficient  for  two  different  rf-discharge  lamps  (i.e.,  a 
pure  87 Rb  lamp  and  a  lamp  filled  with  the  natural  Rb  isotope 
abundance),  and  show  that  under  certain  conditions  it  is  possible 
to  combine  light-shift  data.  Our  light-shift  coefficients  are 
consistent  with  those  reported  for  the  Galileo  Rb  clock  under  the 
assumption  of  a  natural  (or  S5Rb  isotopically  enriched)  rf- 
discharge  lamp  for  the  Galileo  clock. 

I.  Introduction 

Overview 

The  rubidium  (Rb)  atomic  frequency  standard  is  the 
workhorse  of  precise  atomic  timekeeping  in  space  due  to  its  low 
weight,  small  volume,  and  low  power  consumption  [1], 
Moreover,  the  device  has  excellent  frequency  stability  out  to  (and 
beyond)  104  seconds  averaging  time,  rivaling  the  performance  of 
passive  hydrogen  masers  [2,3].  However,  one  of  the  clock’s  more 
significant  issues  is  long-term  frequency  drift,  which  may  be 
related  to  the  light-shift  effect  [4,5]:  a  basic  physics  atomic 
perturbation  that  causes  the  Rb  clock’s  output  frequency  to 
depend  on  the  intensity  of  (atomic-signal-producing)  lamplight. 
Moreover,  on-orbit  Rb  atomic  clocks  have  displayed  frequency 
jumps  that  are  correlated  with  lamplight  jumps  [6,7].  Thus, 
understanding  the  light-shift  effect  has  both  basic  and  applied 
physics  implications. 

Here  we  discuss  our  measurements  of  the  light  shift  effect  in 
a  commercial,  integrated  filter-cell  [8],  Rb  atomic  clock,  similar 
to  the  Rb  atomic  clock  flying  on  Galileo  GNSS  satellites  [9].  As 
illustrated  in  Fig.  1,  the  physics  package  of  the  prototypical  Rb 
clock  (i.e.,  the  separated  filter-cell  clock)  is  composed  of  a  lamp, 
a  filter  cell,  a  resonance  cell,  and  a  photodetector,  with  the 
resonance  cell  inside  a  microwave  cavity  that  is  tuned  to  the  87Rb 
atom’s  hyperfine  resonance  frequency  of  6834.7  MHz.  The 
lamplight  passes  through  the  filter  cell,  and  in  so  doing  has  its 
optical  spectrum  “shaped”  so  that  it  can  efficiently  produce  an 
atomic  signal  via  the  process  known  as  optical  pumping  [10,11]. 
As  a  consequence  of  optical  pumping,  the  steady-state  population 
of  atoms  in  the  absorbing  hyperfine  level  (i.e.,  F=l)  is  reduced, 
and  so  the  Rb  vapor  in  the  resonance  cell  becomes  (to  some 
degree)  transparent  to  the  lamplight.  With  the  Rb  vapor  absorbing 
little  lamplight,  more  light  passes  through  to  the  photodiode. 


If  microwaves  are  applied  to  the  vapor  at  the  hyperfine 
resonance  frequency,  atoms  are  forced  by  the  microwave  signal 
to  return  to  the  absorbing  hyperfine  state.  Consequently,  more 
lamplight  gets  absorbed  by  the  vapor,  and  less  passes  through  to 
the  photodiode.  The  change  in  transmitted  light  corresponds  to 
the  amplitude  of  the  atomic  clock  signal.  The  magnitude  of  this 
change  will,  of  course,  depend  on  the  efficiency  of  the  optical 
pumping  process,  which  ultimately  traces  back  to  the  filter  cell’s 
ability  to  optimally  shape  the  lamplight’s  spectrum. 


Microwave  6.8347...  GHz 


Lamp  Filter  Optical  Pumping 

Figure  1 :  Block  diagram  of  the  prototypical  separated  filter-cell 
rubidium  (Rb)  atomic  clock.  The  87Rb  lamp  emits  spectral  lines 
that  originate  in  a  rubidium  excited  state  and  terminate  on  one  of 
the  two  ground-state  hyperfine  levels  of  the  atom.  Due  to  a 
coincidence  of  nature,  one  of  these  spectral  lines  is  absorbed  by 
the  85Rb  atoms  in  the  resonance  cell,  allowing  the  other  spectral 
line  to  pass  through,  where  it  can  create  a  population  imbalance 
between  the  ground-state  hyperfine  levels  via  optical  pumping. 

In  the  1970s,  Efratom,  a  Rb  clock  manufacturing  company, 
commercialized  the  integrated  filter-cell  Rb  clock  [12].  For  an 
integrated  filter-cell  clock,  the  resonance  cell  and  filter  cell  are 
combined  in  one:  the  Rb  vapor  in  the  filter/resonance  cell 
combination  contains  both  rubidium  isotopes.  The  filtering  action 
of  the  lamplight  by  85Rb  atoms  occurs  in  the  front  of  the 
filter/resonance  cell,  so  that  the  87Rb  atomic  signal  is  generated 
towards  the  back  of  the  filter/resonance  cell.  An  advantage  to  the 
integrated  filter-cell  approach  is  that  one  set  of  heaters  is 
eliminated  from  the  clock’s  design  (i.e.,  the  separate  filter-cell 
heater),  which  reduces  the  clock’s  overall  power  budget.  We  note 
somewhat  parenthetically  that  the  first  Rb  clocks  flown  on  GPS 
were  of  an  Efratom  integrated  filter-cell  design  [13],  and 
integrated  filter-cell  Rb  clocks  have  been  flown  on  Galileo  [9] 
and  BeiDou  satellites  [14]. 
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H.  The  Light-Shift 

General  Considerations 

In  a  semiclassical  formalism,  the  light-shift  arises  as  a  second- 
order  interaction  between  an  atom’s  induced  dipole  moment  and 
the  perturbing  electrical  field  [15,16].  (For  a  classical  description 
of  the  light  shift,  see  the  Appendix.)  If  we  imagine  the  atom  as  a 
polarizable  medium  as  illustrated  in  Fig.  2,  with  a  (frequency 
dependent)  polarizability  a(ro),  then  the  perturbing  electric  field 
of  the  light,  E(a>),  will  induce  a  dipole  moment  p(a>)  in  the  atom: 

p(co)  =  a(co)E(co).  (1) 

This  dipole  will  interact  with  the  electric  field  that  produced  it,  so 
that  to  second-order  in  the  electric  field  strength  there  is  an 
interaction  energy  between  the  atom  and  the  light,  As: 

Ae  =  -|p(co)-E(co).  (2) 

This  interaction  perturbs  the  atom’s  energy  level  structure,  giving 
rise  to  a  shift  in  the  atom’s  ground-state  hyperfine  splitting,  hvhfS: 


and  take  I0  as  the  total  Rb  light  reaching  the  87Rb  atoms  in  the 
atomic-signal  generating  region  of  the  clock’s  physics  package, 
then 

oo 

aYls  =  !„  ja(ot)S(m)dcoo  =  PLSI0>  (5) 

0 

where  Pls  is  the  light-shift  coefficient  of  the  clock.  Clearly,  Pls 
will  depend  on  the  emission  spectrum  of  the  lamp  as  well  as  the 
filtering  action  in  the  clock. 

Equation  (5)  is  valid  for  the  clock’s  full  light-shift.  However, 
we  are  typically  not  interested  in  the  full  light-shift,  but  rather 
variations  in  the  light-shift  about  its  average  value:  5[AyLs], 
which  for  convenience  we  will  write  simply  as  Sls-  Therefore, 
defining  (I0)  as  the  average  light  intensity  emitted  by  the  lamp  we 
have 

Sls  -  S[AyLS]  =  pLS(l0  -(!„))  =  PLS(l„>^  =  Kls  (T) '  (6) 


5f  Ae  p(k>)-E(o>) 

fo  hvhft  2hvhft 


V2hvhft  j 


a(ro)|E(a>)|  •  (2) 


kls  is  the  parameter  routinely  reported  in  the  literature  for  a 
clock’s  light-shift  coefficient,  typically  in  units  of  %"’.  However, 
as  can  readily  be  seen  from  Eq.  (6),  clock-to-clock  comparisons 
among  kls  values  should  be  treated  with  caution  [19],  since  kls 
depends  on  (I0).  The  parameter  of  real  comparative  value  is  Pls. 

Comparing  kls  Values 

While  caution  must  be  exercise  in  comparing  kls  values 
among  clocks  and  clock  operating  conditions,  there  are  certain 
situations  where  comparison  may  be  possible.  Specifically,  let’s 
assume  that  the  following  conditions  hold  for  two  Rb  atomic 
clocks:  Clock  #1  and  Clock  #2 

a.  The  filtering  action  of  the  clocks  is  similar.  Specifically, 
the  two  clocks  are  both  either  separated  filter  cell  or 
integrated  filter  cell.  Additionally,  we  assume  that  the 
optical  depth  of  the  85Rb  filtering  vapor  is  similar  in  the 
two  clocks. 


Figure  2\  Illustration  of  an  atom  as  a  polarizable  medium.  In  the 
presence  of  an  electric  field  a  dipole  moment  is  induced  in  the 
atom,  which  can  then  interact  with  the  electric  field  to  produce  a 
perturbation  of  the  atom’s  energy  level  structure. 


b.  The  rf-discharge  lamps  of  the  two  clocks  operate  with 
similar  electronics,  so  that  the  degrees  of  plasma 
ionization  and  the  electron  temperatures  are  not  too 
dissimilar  [20]. 


The  Light-Shift  Coefficient 

The  light-shift  as  expressed  by  Eq.  (3)  is  valid  for  a 
monochromatic  light  wave.  However,  as  is  well  known  the 
lamplight’s  spectrum  after  filtering  can  be  fairly  broadband  and 
complex  [17,18],  and  each  spectral  component  of  the  lamplight 
will  contribute  to  the  overall  light-shift,  AyLs,  via  Eq.  (3). 
Consequently,  if  we  represent  the  normalized  intensity  spectrum 
of  the  lamplight  (after  filtering)  in  the  frequency  range  to  to 
(o+dto,  by  S(o>)dco: 

oo 

Js(o>)dco  =  1>  (4) 

0 


c.  The  lamps  of  the  two  clocks  have  the  same  Rb  isotope 
composition  (e.g.,  pure  87Rb  or  natural  Rb  -  72.2%  85Rb 
and  27.8%  87Rb). 

d.  The  lamps  operate  at  not  too  dissimilar  temperatures. 

Given  these  assumptions,  Pls  for  the  two  clocks  should  be  the 
same,  leaving  only  (I0)  to  differ.  Considering  Eq.  (6)  for  the  two 
clocks,  we  then  have 
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(7b) 


§LS(1)  =  KLS(l)  =  f  (U" 

8ls(2)  kls(2)  [<I0)2y 


which  provides  a  means  of  comparing  kls  values.  (Here,  we  have 
assumed  that  any  differences  in  the  lamps’  light  intensities  affects 
the  numerator  and  denominator  of  AI/(I0)  equivalently.) 

We  can  go  a  bit  further  with  this  line  of  reasoning. 
Specifically,  (I0)  should  primarily  depend  on  the  vapor  density  of 
rubidium  in  the  lamp  [21].  Since  Rb  vapor  density  depends 
exponentially  on  the  temperature  of  the  liquid  Rb  pool  in  the 
lamp,  all  other  things  being  equal  the  ratio  of  (I0)  for  lamps  #1 
and  #2  should  be  given  by 


Exp 


AG 

iY 

_  k  B 

lT. 

TJ 

(8) 


where  AG  is  the  energy  of  Rb  vaporization,  which  has  the  value 
1.3 13x  10"12  ergs  [22],  ks  is  Boltzmann’s  constant,  and  Tj  is  the 
base  temperature  of  lamp  #J.  Using  Eq.  (8)  in  Eq.  (7b),  we  can 
then  write 


b  LS  (0  _  klsC0 

5ls(2)  kls(2) 


Exp 


AG 
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III.  Experiment 

There  are  two  ideas  worth  testing  from  the  above:  1)  kls  is 
strongly  affected  by  the  rf-discharge  lamp’s  emission  spectrum, 
and  2)  5ls  values  are  comparable  (under  appropriate  conditions) 
by  the  simple  scaling  ofEq.  (7b). 


Figure  3:  Light  shift  measurement  apparatus  employing  a 
commercial,  integrated  filter-cell  Rb  atomic  clock. 


For  our  experiment,  we  employed  a  commercial  FRK  Rb 
atomic  clock  manufactured  by  Efratom  [12],  which  has  the 
advantage  that  the  lamp  bulb  can  be  easily  removed  from  the  unit 
allowing  a  clear  optical  path  from  the  outside  to  the  clock’s  inner 
physics  package.  Using  a  separate  external  lamp  for  optical 
pumping  and  clock  signal  detection,  as  illustrated  in  Fig.  3,  we 
placed  neutral  density  filters  in  front  of  the  lamp  and  recorded  the 
Rb  clock’s  frequency  relative  to  a  cesium  (Cs)  atomic  clock. 


Frequency,  GHz 

Figure  4\  (a)  Nominal  spectrum  form  a  pure  S7Rb  lamp,  (b) 
Nominal  spectrum  from  a  natural  Rb  lamp.  For  these  calculated 
spectra  we  assumed  a  1.6  GHz  wide  lamp  line  [23],  and  40  torr 
of  Xe  as  a  buffer  gas  in  the  clock’s  resonance  cell.  (The  actual 
choice  of  buffer  gas  for  this  figure  is  not  particularly  important.) 

For  the  pure  87Rb  lamp,  most  of  the  spectral  intensity  ( i.e .,  the 
lamp’s  “spectral  weight”)  falls  at  frequencies  outside  of  the  87Rb 
hyperfme  splitting;  for  the  natural  Rb  lamp,  most  of  the  spectral 
intensity  falls  at  frequencies  within  the  hyperfme  splitting. 

We  employed  three  lamps  in  our  study,  two  contained  pure 
87Rb  while  the  third  contained  natural  Rb.  Figures  4a  and  4b 
illustrate  the  different  emission  spectra  expected  for  these  lamps. 
The  lamps  were  operated  at  137  °C  and  125  °C.  For  the  lower 
temperature,  optical  elements  were  added  to  the  simplified 
schematic  shown  in  Fig.  3  in  order  to  collect  enough  light  to 
operate  the  clock.  As  a  consequence,  our  results  are  not  expected 
to  follow  Eq.  (9)  for  the  two  lamp  operating  temperatures. 
However,  if  intensity  scaling  is  viable  for  similar  lamps  operating 
under  different  temperatures,  then  our  results  should  follow  the 
more  general  Eq.  (7b). 

IY.  Results 

Figures  5a  and  5b  show  the  raw  light-shift  results:  Fig.  5a 
corresponds  to  the  natural  Rb  lamp,  while  Fig  5b  shows  the 
results  for  our  two  pure  87Rb  lamps.  Taken  in  combination  with 
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Figs.  4,  these  results  demonstrate  the  dependence  of  kls  on  lamp 
spectrum.  Specifically,  with  the  natural  lamp’s  “spectral  weight”* 
within  the  87Rb  hyperfine  splitting  we  expect  (and  find)  kls  >  0; 
with  the  pure  87Rb  lamp’s  spectral  weight  outside  of  the  87Rb 
hyperfine  splitting  we  expect  (and  find)  kls  <0  [1]. 


Figure  5:  (a)  Raw  light-shift  data  for  the  natural  Rb  lamp:  circles 
correspond  to  Tiamp  =  137  °C  and  diamonds  correspond  to  Tiamp 
=  125  °C.  (b)  Raw  light-shift  measurements  for  our  two  pure 
87Rb  lamps:  circles  correspond  to  Lamp  #1  at  137  °C;  diamonds 
correspond  to  Lamp  #1  at  125  °C,  and  squares  correspond  to 
Lamp  #2  at  137  °C. 

In  Fig.  6,  we  have  rescaled  the  raw  light-shift  results 
according  to  Eq.  (7b).  Specifically,  for  the  natural  Rb  lamp  we 
used  linear  regression  of  the  raw  data  to  compute  an  estimated 
light-shift  at  full  light  intensity  for  each  of  the  temperatures.  We 
call  these  estimated  light-shifts  5LS (l37)  and  5LS(l25).  We  then 
multiplied  the  raw  light  intensities  for  the  Tiamp  =  125  °C  data  by 
the  ratio  5LS(l25)/5LS(l37).  In  effect,  rather  than  changing  the 


As  discussed  in  the  caption  of  Fig.  4,  we  define  the  spectral  weight  of 
a  lamp  as  the  excess  of  intensity  falling  either  outside  the  87Rb 
hyperfine  splitting  or  within  that  splitting.  Specifically,  for  the  pure 


light-shift  values,  we  simply  repositioned  them  along  the  light 
intensity  axis.  Saying  this  differently,  we  identified  the  125  °C 
light-shifts  with  the  normalized  light  intensities  that  they  would 
have  corresponded  to  for  the  137  °C  experiment.  A  similar 
procedure  was  employed  for  the  pure  87Rb  lamp,  except  that  all 
light  intensities  were  repositioned  based  on  Lamp  #l’s  137  °C 
values. 


Relative  Light  Intensity,  % 

Figure  6:  Rescaled  light-shift  measurements.  Symbols  are  as  in 

Fig.  5. 

As  Fig.  6  clearly  shows,  all  the  light-shift  results  for  a  single 
type  of  lamp  fall  on  one  line,  which  demonstrates  that  it  is 
possible  to  rescale  kls  values  for  similar  lamps.  Taken  together, 
we  find  for  the  natural  Rb  lamp  kls  =  +4.0xl0-11/%,  and  for  the 
pure  87Rb  lamp  kls  =  -1.8xlO-1I/%.  As  noted  previously,  the 
signs  of  these  kls  values  are  consistent  with  the  lamps’  spectral 
weights.  Moreover,  the  relative  magnitude  of  these  kls  values  is 
consistent  with  the  fact  that  relatively  more  spectral  intensity  falls 
within  the  hyperfine  splitting  for  the  natural  lamp  than  falls 
outside  of  the  hyperfine  spitting  for  the  pure  87Rb  lamp. 

V.  Summary  and  Discussion 

In  this  work,  we  have  considered  the  light-shift  coefficient  of 
an  integrated  filter-cell  Rb  atomic  clock  operated  with  two 
different  Rb  rf-discharge  lamps:  a  pure  87Rb  lamp  and  a  natural 
Rb  lamp  ( i.e .,  72.2%  85Rb  and  27.8%  87Rb).  As  anticipated,  the 
sign  of  the  light-shift  coefficient  followed  from  a  simple 
inspection  of  the  spectral  weight  of  the  lamp’s  emission 
spectrum.  Though  the  filtering  action  of  the  lamplight  has  the 
potential  to  significantly  affect  the  light-shift’s  sign  (since  it  is  the 
filtered  lamplight  that  ultimately  determines  the  light-shift),  in  the 
present  integrated  filter-cell  clock  experiments  the  filtering  was 
clearly  not  so  strong  as  to  significantly  modify  the  effect  of  the 
lamp’s  spectral  weight. 


87Rb  lamp  6%  more  light  falls  outside  of  the  hyperfine  splitting  than 
within;  for  the  natural  Rb  lamp,  67%  more  light  falls  within  the 
hyperfine  splitting  than  outside  of  that  splitting. 
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It  is  interesting  to  note  that  the  magnitudes  of  the  light-shift 
coefficients  that  we  obtained  (even  in  units  of  %"')  are  not  outside 
the  range  of  expectation:  ~  10'n/%.  Specifically,  it  has  been  noted 
that  the  light-shift  coefficient  for  the  separated  filter-cell,  Block- 
IIR  GPS  Rb  clock  is  -1 ,4x  1012/%  [7],  while  Droz  et  al.  [24]  have 
reported  a  light-shift  coefficient  for  Galileo’s  integrated  filter-cell 
clock  of  +1.5><10"10/%.  Additionally,  Bloch  et  al.  [25]  provide 
evidence  for  a  light-shift  coefficient  of  -2.2xlO"10/%  for  the 
Milstar  Rb  clock,1  which  is  a  separated  filter-cell  design  [26].  If 
we  assume  that  moving  the  lamp  outside  of  the  atomic  clock 
reduces  the  intensity  of  the  lamplight  actually  reaching  the  atoms 
in  the  filter/resonance  cell  by  a  factor  of  roughly  10,  which  is 
certainly  reasonable,  than  our  integrated  filter-cell  light-shift 
coefficients  are  perfectly  in  line  with  those  of  Droz  et  al.... 
assuming,  of  course,  that  the  Galileo  Rb  atomic  clock  operates 
with  a  natural  (or  85Rb  isotopically  enriched)  rf-discharge  lamp. 
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Figure  A.l:  The  “classical  atom,”  where  the  atom’s  negatively 
charged  shell  is  attached  to  a  positively  charged  nucleus  via 
mechanical  springs. 

To  proceed,  we  consider  a  monochromatic  field  such  that  E(t) 
=  E„exp[  ioit],  where  to  is  the  laser  frequency,  which  allows  us  to 
write  x(t)  =  x0exp[ioit].  Using  these  expressions  in  Eq.  (A.l),  and 
defining  the  atom’s  resonant  frequency,  (o0,  as  A/k/m  we  obtain 


Since  we  are  only  interested  in  optical  field  frequencies  very  near 
(Bo,  we  can  expand  co2  in  a  Taylor  series  about  co0: 

co2  =  co2 +(co-coo)2co0 +(co-o)0)2,  (A.3) 

and  only  retain  the  first  two  terms  on  the  right-hand  side  of  Eq. 
(A.3).  Further,  under  this  resonance  approximation  we  can 
replace  m  in  the  imaginary  term  appearing  in  the  denominator  of 
Eq.  (2)  with  co0,  so  that  we  finally  obtain 


Appendix:  Classical  Description  of  the  Light  Shift 

Though  the  light-shift  is  a  consequence  of  an  atom’s  quantum 
mechanical  nature,  the  mechanism  of  the  light-shift  can 
nonetheless  by  understood  classically  [15].  As  illustrated  in  Fig. 
A.l,  we  imagine  the  “classical  atom”  as  a  positive  nucleus 
attached  to  a  negatively  charged  shell  with  springs  of  force 
constant  k  [27].  Defining  x(t)  as  the  deviation  of  a  spring  from  its 
equilibrium  position,  the  equation  of  motion  for  this  atomic 
oscillator  is  just  that  of  a  damped,  driven  harmonic  oscillator: 

d2x(t)  dx(t)  k  /  e  \  .  .. 

~rr1+2^^r+~ =  — E(1)-  (A-:) 

dt  dt  m  m 

Flere,  2y  is  a  damping  coefficient,  kx  is  the  restoring  force  on  the 
spring,  m  is  the  mass  of  the  negative  shell  ( i.e .,  the  electron  mass) 
and  E(t)  is  the  instantaneous  value  of  an  electric  field  impinging 
on  the  classical  atom. 


x„  = 


2mcon 


((co0  —  oo)  +  iy) 


(A. 4) 


We  now  note  that  as  the  classical  atom’s  shell  oscillates 
relative  to  the  location  of  the  nucleus,  an  oscillating  electric 
dipole  moment  will  be  created  in  the  system,  p(t): 


p(t)  =  -  ex(t)  =  -  exoe1C0t  =  p0e‘“ 


Thus,  using  Eq.  (A.4)  we  obtain 

Po  = 


A  e2  A 


v2mcooy 


((ff»0  -K»)  +  iy) 


(A.  5) 


(A.  6) 


Of  course,  from  classical  electrodynamics  we  known  that  the 
induced  dipole  moment  in  a  dielectric  medium  is  just  given  by 
p(o>)  =  a(ro)E(co),  where  a( to)  is  the  medium’s  (frequency- 
dependent)  polarizability.  Using  Eq.  (A. 6),  we  therefore  obtain  a 
classical  expression  for  the  polarizability  of  the  atom: 


a(ro) 


((a>0  -a>)+  iy) 


(A.7) 


In  order  to  make  contact  with  the  quantum  mechanical 
properties  of  the  atom,  Eq.  (A6)  must  be  modified  slightly  in 
order  to  account  for  the  fact  that  in  a  real  atom  a  single  energy 
eigenstate  of  the  atom  may  be  coupled  with  a  large  number  of 
other  eigenstates.  We  accomplish  this  by  introducing  the  concept 
of  the  oscillator  strength,  f,  so  that  Eq.  (A.7)  becomes  [28]. 


1  The  light-shift  coefficient  was  determined  by  examining  the  correlated 

change  in  clock  frequency  and  lamplight  when  the  vacuum  system  for 
the  Rb  clocks  failed:  See  Figs.  2a  and  2b  in  Ref.  25. 
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x(a>)  = 


e-f 

v2mco0  A 


((o0-co)-i 


iY 


(co-caj+y2 


(A.8) 


Re[v]  =  As  ~ 


"  e2f  " 

o 

o 

s 

1 

s 

l4mco0J 

+ 

o 

s 

1 

s 

(A.  10a) 


As  is  clear  from  Eq.  (A.8)  a(co)  is  a  complex  quantity  with  both 
a  real  and  imaginary  part. 

We  now  note  that  there  is  an  interaction  energy,  V,  between  a 
dipole  moment  and  an  external  electric  field: 

V  =  -p.fi  =  -ia(co)|E0|2-t  (A. 9) 

Given  our  expression  for  a(co),  the  interaction  energy  is  also 
found  to  be  complex: 


Im[v]  ~ 


'  e2f  2 

{  ^0  1 

v4mco0. 

S 

1 

s 

o 

+ 

(A.  10b) 


The  real  part  of  the  perturbation  gives  rise  to  the  shift  in  the 
atom’s  energy  levels  ( i.e .,  the  light  shift),  while  the  imaginary 
part  acts  like  a  decay  term,  causing  transitions  between  energy 
levels.  In  these  expressions,  I0  is  the  light  intensity,  and  it  is  worth 
noting  that  for  a  monochromatic  field  (as  considered  here)  if  co  = 
CBo  the  light  shift  is  zero. 
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